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We present calculations in which an energetic light quark shoots through a finite slab of strongly
coupled N = 4 supersymmetric Yang-Mills (SYM) plasma, with thickness L, focussing on what
comes out on the other side. We find that even when the “jets” that emerge from the plasma have
lost a substantial fraction of their energy they look in almost all respects like “jets” in vacuum
with the same reduced energy. The one possible exception is that the opening angle of the “jet”
is larger after passage through the slab of plasma than before. Along the way, we obtain a fully
geometric characterization of energy loss in the strongly coupled plasma and show that dEout/dL ∝
L2/
√
x2stop − L2, where Eout is the energy of the “jet” that emerges from the slab of plasma and
xstop is the (previously known) stopping distance for the light quark in an infinite volume of plasma.
I. INTRODUCTION AND CONCLUSION
One of the striking early discoveries made by analyzing
heavy ion collisions at the LHC is that when a hard par-
ton with an initial energy of a few hundred GeV loses a
significant fraction of its energy as it plows through a few
fm of the hot (temperature T such that piT is of order 1
GeV) strongly coupled plasma produced in the collision,
the jet that emerges looks remarkably similar to an or-
dinary jet produced in vacuum with the same, reduced,
energy. This is so even though the jet that emerges from
the collision has manifestly been substantially modified
by its propagation through the plasma — it has lost a
substantial fraction of its energy. The “lost” energy is
found in many soft particles, with momenta comparable
to piT , produced at large angles relative to the jet. It is
as if the lost energy has become a little more, or a little
hotter, plasma. These qualitative observations were first
made in Refs. [1–3], in particular in Ref. [2]. Subsequent
measurements have quantified these observations further,
and in particular have quantified what “remarkably sim-
ilar” means by measuring various small differences be-
tween the quenched jets and vacuum jets with the same
energy as the quenched jets [4–8]. Here we shall focus on
the original qualitative observation, which remains strik-
ing. We shall argue that this phenomenon is natural in a
strongly coupled gauge theory by doing a calculation in
which we shoot a light quark “jet” in N = 4 SYM theory
through a slab of strongly coupled plasma and looking at
what comes out on the other side. Our conclusion can
only be qualitative for the simple reason that there are
no jets in N = 4 SYM theory [9–11]. The light quark
“jet” in this theory should not be compared quantita-
tively to a jet in QCD. Nevertheless, we shall find that
even when one of these “jets” loses a substantial fraction
of its energy as it propagates through a slab of plasma, it
emerges looking precisely like a “jet” with the same (re-
duced) energy and same (increased) opening angle would
look in vacuum.
The conclusion that we reach is consistent with conclu-
sions (also qualitative) reached by analyzing the quench-
FIG. 1: A cartoon of the setup of our problem. A pair of
quarks (red circles) are created at time t = 0 at x = x0 with
momentum in the ±x direction. The shaded region shows the
slab of plasma. The right-moving quark impacts the plasma
at time t ≈ |x0| and exits the plasma at time t ≈ |x0|+ L.
ing of a beam of gluons by strongly coupled N = 4 SYM
plasma [12]. In a different sense, weak-coupling analyses
of the quenching of a high energy parton by a slab of
weakly coupled plasma at some constant T (see Ref. [13]
and references therein) are also antecedents of our calcu-
lation, although the physics there is quite different since
energy is lost, at least initially, to radiated gluons with
momenta  piT that are nearly collinear with the ini-
tial parton. More recent weak-coupling analyses, begin-
ning with Ref. [14], have shown how the energy lost from
jets can go to large angles; for a recent review of weak-
coupling analyses of jet quenching, see Ref. [15].
II. SETUP AND STRING DYNAMICS
The setup of our problem is as follows. We consider
an energetic pair of massless quarks created in vacuum at
x = x0 < 0 at time t = 0. The quarks subsequently move
apart in the ±x direction. The slab of strongly coupled
N = 4 SYM plasma occupies the region x ∈ (0, L) and
y, z ∈ (−∞,∞). Hence the right-moving quark impacts
the plasma at time t ≈ |x0| and exits the plasma at time
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2t ≈ |x0| + L. This setup is depicted in the cartoon in
Fig. 1. Although the most relevant case is that with
x0 = 0, since in a heavy ion collision the energetic quark
is produced within the plasma rather than being incident
upon it from outside, it will nevertheless be advantageous
to analyze the case with x0 < 0 first. One reason for this
is that it allows us to compute the expectation value of
the stress tensor 〈Tµν〉 of the incident “jet”, between
x = x0 and x = 0. Our particular interest is then the
computation of 〈Tµν〉 in the “out” region x → ∞. How
does the presence of the slab alter 〈Tµν〉? How is the
shape of the jet altered by the slab? How does the slab
change the total energy and momentum of the jet?
In this Section, we shall discuss the dual gravitational
description of the above process in terms of the dynam-
ics of energetic strings in an asymptotically AdS5 geom-
etry. We begin by constructing the string solutions, and
then use the gravitational description that they provide
to obtain fully geometric characterizations of the energy
loss experienced by the light quark traversing the slab
of plasma, the stopping distance for the light quark if
the slab of plasma were so thick that the energetic quark
does not make it through, and the change in the opening
angle of the “jet”, namely the boosted beam of energy
around the light quark. We derive analytic expressions
for the rate of energy loss in the (unphysical) case of a
light quark that has propagated a long distance between
its creation and the moment when it enters the slab of
plasma and for the (more realistic, in the context of heavy
ion collisions) case of a light quark that enters the slab of
plasma immediately after it is produced. In both cases,
we find a Bragg peak, which is to say that we find that
the rate of energy loss is greatest for those light quarks
that are fully stopped by the plasma, and is greatest as
the distance they have travelled approaches their stop-
ping distance. In Section III we compute the angular
distribution of power radiated by the “jet” that escapes
the slab of plasma, confirming that our gravitational cal-
culation of the energy loss in terms of the energy of the
segment of string that emerges from the plasma is indeed
the calculation of the energy lost by the “jet”. And, we
confirm that the shape of the “jets” that emerge from
the plasma is the same as that of the “incident” jets,
even when they have lost a substantial fraction of their
energy and even when their opening angle has increased
substantially.
According to gauge/string duality, a quark-gluon
plasma is dual to a black hole geometry [16]. We model
the above-horizon geometry corresponding to the slab of
plasma with a constant temperature T with the metric
ds2 =
1
u2
[
−f(x, u) dt2 + dx2 + du
2
f(x, u)
]
, (1)
where f(x, u) = h(u) for 0 < x < L with h(u) ≡
1−u4/u4h and f(x, u) = 1 otherwise. The temperature of
the slab of plasma is related to the horizon radius uh via
uh = 1/piT . The boundary of the geometry is located at
radial coordinate u = 0. While this model of the black
hole geometry is unrealistic near the vacuum/plasma in-
terfaces at x = 0 and x = L, in exactly the same sense
that it is unphysical to have a slab of plasma at constant
nonzero temperature sitting calmly with vacuum next to
it rather than exploding, in the TL  1 limit interface
effects are negligible on the dynamics of the propagating
quark compared to bulk effects accumulated propagating
through the plasma.
The addition of a massless quark to the boundary QFT
state is equivalent to adding a falling string to the geom-
etry [17]. The dynamics of the string are governed by the
Nambu-Goto action
S = −T0
∫
dτdσ
√−g (2)
where the string tension T0 ≡
√
λ
2pi with λ the ’t Hooft cou-
pling, τ and σ are worldsheet coordinates, g ≡ det gab,
gab ≡ ∂aX · ∂bX is the string worldsheet metric and
XM = {t(τ, σ), x(τ, σ), 0, 0, u(τ, σ)} are the string em-
bedding functions.
Upon suitably fixing worldsheet coordinates, the string
equations of motion can be expressed in terms of the
canonical worldsheet densities piτM and fluxes pi
σ
M
pi0M = −T0GMN√−g
[
(X˙ ·X ′)X ′N − (X ′)2X˙N
]
, (3a)
piσM = −T0GMN√−g
[
(X˙ ·X ′)X˙N − (X˙)2X ′N
]
, (3b)
where GMN is the metric (1) and ˙≡ ∂τ and ′ ≡ ∂σ. In
terms of these quantities the equations of motion read
∂τpi
0
0 + ∂σpi
σ
0 = 0, (4)
which encodes worldsheet energy conservation.
Following Refs. [11, 18] we model the creation of a pair
of massless quarks at x = x0 by a string created at the
point
XMcreate = {0, x0, 0, 0, u0}. (5)
The string subsequently expands into a finite size ob-
ject as time progresses with endpoints moving apart in
the ±x directions. Open string boundary conditions re-
quire the string endpoints to move at the speed of light
in the bulk with the endpoint velocity transverse to the
string. (We use standard open string boundary condi-
tions throughout; other boundary conditions have also
been considered [19, 20].) Since the x position of the
endpoints corresponds approximately to the position of
the quarks in the QFT [18], we consider strings whose
endpoint velocities in the ±x directions are asymptoti-
cally close to the speed of light and which therefore fall
only slowly in the radial direction. We will confirm be-
low that such strings have asymptotically high energy
Estring → ∞ and have small
√
E2string − p2string/Estring,
meaning that they correspond in the dual QFT to exci-
tations that propagate at nearly the speed of light and
that have a small opening angle, like QCD jets with a
3small angular extent in momentum space ∼ mjet/Ejet,
with the jet mass mjet ≡
√
E2jet − p2jet.
As the strings have finite tension, the Estring → ∞
limit is generically realized by strings that expand at
nearly the speed of light, meaning that the string profile
must be approximately that of an expanding filament of
null dust. Indeed, null strings satisfy g(Xnull) = 0 and
from (3a) have divergent energy density. As we detail
below, solving the string equations perturbatively about
a null configuration is tantamount to solving them using
geometric optics, with perturbations propagating on the
string worldsheet along null geodesics.
Since null strings satisfy g(Xnull) = 0 they minimize
the Nambu-Goto action (2) and are exact, albeit infinite
energy, solutions to the string equations of motion (4)
[30]. To obtain finite energy solutions we expand the
string embedding functions about a null string solution
XM = XMnull +  δX
M
(1) + 
2δXM(2) + . . . , (6)
where XMnull is a null string expanding everywhere at the
speed of light and where  is a bookkeeping parameter
(which we shall see below via (25) is related to the string
energy via Estring ∼ 1/
√
) that we shall initially treat
as small for the purposes of organizing the non-linear
corrections to the null string solution but that must in
the end be set to  = 1. We choose worldsheet coordinate
τ = t and define σ by the conditions ∂tXnull ·∂σXnull = 0
and δXM(n) = {0, δx(n), 0, 0, 0}. We then solve the string
equations (4) perturbatively in powers of . The first step
is constructing null string solutions.
A. Constructing null strings
Null strings can be constructed out of a congruence
of null geodesics. Each geodesic in the congruence can
be labeled by σ and parameterized by time t. The null
string can then be written
XMnull = {t, xgeo(t, σ), 0, 0, ugeo(t, σ)}, (7)
where xgeo and ugeo satisfy the null geodesic equations
∂
∂t
(
1
f
∂xgeo
∂t
)
+
1
2f
(
1 +
1
f2
(
∂ugeo
∂t
)2)
∂f
∂x
= 0,
(8a)
−f +
(
∂xgeo
∂t
)2
+
1
f
(
∂ugeo
∂t
)2
= 0,
(8b)
and the constraint ∂tXnull · ∂σXnull = 0. The required
initial condition for the congruence is XMnull|t=0 = XMcreate.
For our piecewise constant (in x) geometry the null
geodesic equations (8) may be integrated once to yield
∂xgeo
∂t
=
f
ξ
, (9a)
∂ugeo
∂t
=
f
√
ξ2 − f
ξ
, (9b)
which yield a null trajectory satisfying
∂ugeo
∂xgeo
=
√
ξ2 − f, (10)
where the constant of integration ξ(σ) is piecewise time-
independent in each interval but discontinuous at each
interface:
ξ(σ) =
 ξin(σ), x < 0,ξo(σ), 0 < x < L,ξout(σ), x > L. (11)
In the region x < 0 where f = 1, the geodesic equations
(9a) and (9b) may easily be integrated to yield
xgeo = t cosσ + x0, ugeo = t sinσ + u0. (12)
The geodesic is specified by x0, u0 and the parameter σ,
which is simply the angle of the geodesic trajectory in
the half-plane (x, u > 0). From the geodesic equations
(9a) and (9b) we therefore identify
ξin(σ) = secσ. (13)
The minimum σ∗ ≡ min(σ) corresponds to the endpoint
trajectory in the +x direction; this trajectory is given by
(ugeo − u0)/(xgeo − x0) = tanσ∗, see Fig. 2. We shall
see below that to the extent that the energy of the string
is dominated by the energy density near its endpoint, a
string whose endpoint follows this vacuum trajectory has
m ≡
√
E2 − p2 = E sinσ∗, meaning that cosσ∗ is the
velocity of the corresponding excitation in the QFT and
sinσ∗ is its opening angle. In Section III we will compute
the angular distribution of the energy of the “jet” in the
boundary theory that is described by the string. We
shall see that equating sinσ∗ with the opening angle of
the “jet” is a good approximation as long as sinσ∗ is
small. It is, however, only an approximation because
the relation m/E = sinσ∗ only becomes accurate for the
component of the “jet” that is described by the energy
density of the string in the vicinity of the endpoint of the
string and although the energy density of the string deep
within the bulk contributes less it does in fact contribute.
The discontinuities in ξ at the x = 0 and x = L in-
terfaces can easily be worked out from the second order
geodesic equations (8). A geodesic labeled by σ passes
through x = 0 at time and radial coordinate
tin = −x0 secσ, uin = −x0 tanσ + u0. (14)
From the second order geodesic equations (8) it follows
that for 0 < x < L the parameter ξo is given by
ξ2o =
ξ2inh(uin)
ξ2in + (1− ξ2in)h(uin)2
. (15)
4FIG. 2: A null string. The string starts off as a point at x0 = −5, u0 = 0 and subsequently expands into a semicircular arc, with
its endpoint having σ∗ = 0.01. The small value of σ∗ ensures that the initial endpoint velocity dxendpoint/dt = cosσ∗ is close
to the speed of light. The null string profile is shown (red curves) at times t = 0.25 through t = 20.25 in ∆t = 1 increments.
The blue curves are null geodesics propagating along the string worldsheet at constant values of σ. Energy on the string is
transported along such σ =constant geodesics, meaning that the fact that the above-horizon string segment loses energy as it
propagates through the slab corresponds precisely to the fact that within the slab some of the blue curves fall into the horizon,
located at u = uh = (piT )
−1 = 1 in our units. The string that emerges from the slab carries only the energy that is transported
along those blue curves that emerge. The string enters the slab at x = 0 with its endpoint at uin = 0.05. The string exits
the slab at piTx = 10 with its endpoint at uout = 0.276 and having σ˜∗ = 0.0773. The energy of the string that exits the slab
of plasma is less than that which entered it by the ratio Eout/Ein, which is 0.643 according to (35) and 0.57 according to the
x0 → −∞ approximation (38). The string has lost a substantial fraction of its energy while propagating through the plasma.
After exiting the slab, the string rapidly approaches a semicircular arc configuration at late times, looking just like a string
produced in vacuum with the (reduced) energy Eout and the (increased) opening angle mout/Eout ' sin σ˜∗. If there really were
some way to stabilize interfaces between a slab of plasma and vacuum, we expect that the strings would be connected at the
interfaces via vertical segments indicated schematically by the dashed red lines.
The geodesic equation (9a) in the region 0 < x < L is
solved by
xgeo =
u2h
uin 2
F1
(
1
4 ,
1
2 ;
5
4 ;
u4h
ζ u4in
)− u2hugeo 2F1( 14 , 12 ; 54 ; u4hζ u4geo ),
(16)
where
ζ ≡ 1
1− ξ2o
, (17)
and 2F1 is the Gauss hypergeometric function. The so-
lution ugeo to (9b) can be expressed in terms of elliptic
functions and will not be written here.
Likewise, a geodesic labeled by σ will pass through
x = L at some time tout(σ) and at some radial coordinate
uout(σ). In terms of these quantities the second order
geodesic equations (8) imply
ξ2out =
ξ2oh(uout)
2
ξ2o(h(uout)
2 − 1) + h(uout) . (18)
In the region x > L where again f = 1 the solutions to
the geodesic equations read
xgeo = (t−tout) cos σ˜ + L, ugeo = (t−tout) sin σ˜ + uout.
(19)
Via Eq. (9a) the function σ˜(σ) is given by
ξout(σ) = sec σ˜(σ). (20)
Fig. 2 shows a few null geodesics (blue curves) which
make up a congruence specified by x0 = −5, L = 10,
u0 = 0 and describe the propagation of a null string (red
curves). Our choice of units here and in what follows is
set by piT = 1. The trajectory of the endpoint moving
in the +x direction is given by σ ≡ σ∗ = 0.01. The
small value of σ∗ ensures that the initial endpoint velocity
dxendpoint/dt = 1/ξin(σ∗) = cos(σ∗) is close to the speed
of light.
Before the string passes through x = 0, the geodesics
(12) and the null embedding functions (7) imply that the
null string profile is given by the expanding semi-circular
arc
− t2 + (xgeo − x0)2 + (ugeo − u0)2 = 0. (21)
After the string has passed through x = 0 into the black
hole slab, its profile is given by
xgeo(t, σ) =ξo(σ)(t− tin(σ)) + xtrailing(σ, ugeo(t, σ))
− xtrailing(σ, uin(t, σ)) , (22)
where xtrailing satisfies ∂xtrailing/∂ugeo = −
√
ξ2o − h/h.
For ξo = 1, xtrailing is the null limit of the trailing string
profile of Refs. [21, 22]. Indeed, geodesics that propagate
farthest originate from near the string’s endpoint and
have ξo(σ) ≈ ξo(σ∗) ≈ 1. After the string has exited the
black hole slab at x = L the geodesics (19) and the null
embedding functions (7) imply that the null string profile
is given by
− (t− tout)2 + (xgeo − L)2 + (ugeo − uout)2 = 0. (23)
5Comparing (23) and (21) we see that at asymptotically
late times the string profile for x > L is an expanding
semicircular arc, precisely as it was for x < 0. This is a
consequence of the fact that as viewed from x  L the
“aperture” at x = L, u ∈ (0, uh) is effectively a point-
source emitter for null geodesics in the (x, u) plane just
as the point x = x0, u = u0 was. Therefore, other than
the fact that endpoint on the right falls with angle
σ˜∗ ≡ σ˜(σ∗) > σ∗, (24)
the null string profile for x > L at late times is the same
as that for x < 0. In other words, the net effect of the
slab on the null string is simply that the endpoint falls
into the bulk at a faster rate than it did before impacting
the slab.
The implication of the result at which we have arrived
is that in the QFT the “jet” that emerges from the slab
of strongly coupled plasma has a larger m/E and a larger
opening angle than the “jet” that entered the slab. We
will determine the increase in the opening angle of the
“jet” more precisely in Section III, but as long as the jets
remain narrow it is a good approximation to equate the
increase in sin σ˜∗ relative to sinσ∗ with the increase in
m/E and the increase in the opening angle.
With the exception of the increase in m/E and the
decrease in E — see below — the “jet” that emerges looks
precisely the same as that which entered. In particular,
it looks precisely the same as a “jet” in vacuum prepared
with a larger m/E and a smaller E. This conclusion
comes directly from seeing that the shape of the string is
the same after exiting the plasma as before entering it,
and this in turn is a result that is obtained completely
geometrically, as in Fig. 2. This central conclusion of
our study resonates strongly with the observations of the
highest energy jets produced in heavy ion collisions at
the LHC with which we began.
It is reasonable to ask whether the conclusion that we
have just reached depends on the fact that we created
the energetic string well to the left of the slab, allowing
the string to propagate some distance in AdS before en-
tering the slab. In a heavy ion collision, after all, the
high energy parton rapidly finds itself in the strongly
coupled matter produced in the collision. We show in
Fig. 3 that we reach the same conclusion upon consid-
ering a case in which the energetic string is produced at
x0 = −10−3 and immediately enters the slab. Indeed, the
conclusion that the null string that emerges from the slab
quickly becomes vacuum-like in appearance (i.e. quickly
becomes semicircular) is completely generic because it
arises directly from the geometric perspective that our
holographic calculation provides.
B. First order corrections
With the null string dynamics worked out, we now turn
to the first order perturbations δx(1) in terms of which
the worldsheet energy density and flux read
pi00 = −
T0 ξ ∂σugeo
u2geo
√
−ξ
2  f ∂tδx(1)
, piσ0 = 0, (25)
up to order
√
 corrections. According to the string equa-
tion of motion (4) at leading order in  the equation of
motion for δx(1) is simply ∂tpi
0
0 = 0 so pi
0
0 is time indepen-
dent and energy is simply transported along σ = const.
geodesics, i.e. along the blue curves in Figs. 2 and 3.
This observation will play a critical role below when we
consider energy loss on the string worldsheet.
Substituting Eqs. (12) and (13) into (25) we find that
in the x < 0 region δx(1) must satisfy
∂2t δx(1) +
2(t sinσ − u0)
t(t sinσ + u0)
∂tδx(1) = 0. (26)
The solution reads
δx(1) = φ(σ) +
sinσ
(
3t sinσ (t sinσ+u0) + u
2
0
)
3(t sinσ + u0)3
ψ(σ),
(27)
where φ(σ) and ψ(σ) are arbitrary functions. The condi-
tion that the endpoint moves at the speed of light requires
ψ(σ∗) = 0. A simple calculation then yields
pi00 = −T0 csc2 σ
√
csc 2σ sinσ
ψ(σ)
+O(
√
). (28)
The solution δx(1) in the regions 0 < x < L and x > L
can then be obtained by solving Eq. (25) for ∂tδx(1) with
pi00 given above by (28) and integrating in time.
C. Worldsheet energy loss and stopping distance
We now turn to energy loss in the slab, remembering
the geometric intuition from Figs. 2 and 3 that energy
propagates along the (blue) null geodesics, with energy
loss corresponding to blue geodesics falling into the hori-
zon. We begin with the extreme case in which all of the
incident energy is lost, which is to say the case in which
the string endpoint falls into the horizon and no string
emerges from the slab of plasma. Clearly, there exists
a maximal distance xstop that the string endpoint can
travel through a L→∞ slab before the string endpoint
and hence the entire string has fallen into the horizon.
In the dual field theory the stopping distance xstop cor-
responds to the distance a jet can penetrate through the
plasma before thermalizing [18, 23]. From (16) we see
that the stopping distance is given by
xstop = −uh 2F1
(
1
4 ,
1
2 ;
5
4 ;
1
ζ(σ∗)
)
(29)
+
u2h
uin(σ∗) 2
F1
(
1
4 ,
1
2 ;
5
4 ;
u4h
ζ(σ∗)uin(σ∗)4
)
.
In what follows we shall focus on the limit xstop  uh
which generically requires σ∗  1, so the endpoint tra-
jectory is nearly constant in u before impacting the slab
6FIG. 3: As in Fig. 2, except here the slab has thickness L = 8/(piT ) and the quark is produced next to the slab at x0 = −10−3
with u0 = 0 and σ∗ = 0.025. It emerges from the slab at piTx = 8 with uout = 0.267 and σ˜∗ = 0.0769. As in Fig. 2, after
exiting the slab of plasma the string rapidly approaches a semicircular arc configuration. Using (35), Eout/Ein = 0.757. The
approximation (46) yields Eout/Ein = 0.780. So, as in Fig. 2 the string has lost a substantial fraction of its energy in the plasma
and yet emerges looking just like a string produced in vacuum with energy Eout. We shall see in Section II.C that, under certain
assumptions, this string describes a “jet” with an incident energy Ein = 87.0
√
λpiT and, consequently, an outgoing “jet” that
emerges from the slab with energy Eout = 65.9
√
λpiT .
geometry. Restricting our attention to strings created
near the boundary, we also set u0 → 0. This is not nec-
essary. As we discuss in Section IV, it will be interesting
in future to systematically explore how our results vary
as a function of u0 and σ∗.
We now return to the case of interest in this paper,
namely a slab of plasma whose thickness L is less than
xstop meaning that, as in Figs. 2 and 3, the endpoint of
the string and some of the (blue) null geodesics describing
a segment of the string near its endpoint emerge from
the slab of plasma. Let us define the function σh(x), for
0 < x < L, by the condition that xgeo(t, σh) = x and
ugeo(t, σh) = uh. That is, σh(x) labels the null geodesic
that falls into the horizon at x. From (16) we see that
σh(x) is the solution to
x = −uh 2F1
(
1
4 ,
1
2 ;
5
4 ;
1
ζ(σ)
)
(30)
+
u2h
uin(σ) 2
F1
(
1
4 ,
1
2 ;
5
4 ;
u4h
ζ(σ)uin(σ)4
)
,
meaning that σh(xstop) = σ∗. The energy of the string
segment that exits the slab can then be written as
Eout = −
∫ σh(L)
σ∗
dσ pi00 . (31)
Eout is clearly less than the energy of the string segment
that enters the slab, which we shall take to be
Ein = −
∫ σh(0)
σ∗
dσ pi00 , (32)
because some null geodesics and therefore some energy
has fallen into the horizon between x = 0 and x = L.
To go further, we henceforth assume u0 → 0 and σ∗ 
1. In the σ∗  1 limit we see from (28) that pi00(σ)
becomes highly concentrated in a region δσ ∼ σ∗ near
σ = σ∗. Expanding
ψ(σ) = ψ′(σ∗)(σ − σ∗) +O
(
(σ − σ∗)2
)
, (33)
we obtain from (28) the leading order expression for pi00 ,
pi00 =
−T0
σ2
√
2 ψ′(σ∗)(σ − σ∗)
. (34)
This expression, together with Eqs. (30), (31) and (32),
allows us to compute Eout/Ein, which is to say the frac-
tional energy lost by the high energy parton as it tra-
verses the slab of plasma. We obtain
Eout
Ein
=
σˆh(0)
(√
σˆh(L)− 1 + σˆh(L) cos−1
√
1
σˆh(L)
)
σˆh(L)
(√
σˆh(0)− 1 + σˆh(0) cos−1
√
1
σˆh(0)
) ,
(35)
where σˆh(x) ≡ σh(x)/σ∗. Although it does not look par-
ticularly simple, this expression is fully explicit. For ex-
ample, as noted in the captions of both Figs. 2 and 3,
we can use it to compute Eout/Ein for the “jets” in both
these figures.
We shall next describe two contexts in which the ex-
pressions (29) and (35) simplify considerably.
1. A parton incident from x0 = −∞
The first simplifying limit that we shall consider is the
limit in which we take x0 → −∞ while fixing uin small
compared to uh. As is evident from (36) below, this is
equivalent to keeping xstop finite (but large compared to
uh) as x0 → −∞. This limit, which is not realistic from
the point of view of heavy ion collisions, corresponds to
considering an incident parton that has propagated for
a long distance before it reaches the slab of plasma, but
that was prepared with such a small initial opening angle
that when it reaches the slab of plasma the size of the
cloud of energy density that it describes is still small. In
this limit, σ∗ = arctan(uin/|x0|) vanishes as |x0| → ∞ at
fixed, small, uin. In the x0 → −∞ limit, ξin → 1 and
7ξ2o → h(uin) and the stopping distance (29) takes the
form
xstop =
√
pi Γ( 54 )
Γ( 34 )
u2h
uin
− uh + u
4
h
2u2inx0
+O(x−20 ) . (36)
Neglecting transients at small x, Eq. (30) then yields
σˆh(L) =
xstop + uh
L+ uh
. (37)
This means that σh(L) is O(σ∗) when L = O(xstop),
from which it follows that pi00 in (31) may consistently be
taken to be given by the near-endpoint expression (34).
Substituting (37) into (35) and taking L, xstop  uh we
secure the result
Eout
Ein
=
2
pi
[√
L(xstop − L)
x2stop
+ cos−1
√
L
xstop
]
. (38)
Taking the derivative of (38), we find the energy loss rate
1
Ein
dEout
dL
= − 2
pixstop
√
L
xstop − L . (39)
Eqs. (38) and (39) are our final results for the energy loss
in the (unphysical) case in which x0 → −∞. Eq. (38)
provides a reasonable approximation in the case illus-
trated in Fig. 2, but it cannot be applied in the case
illustrated in Fig. 3.
2. A parton produced at fixed x0 whose xstop →∞
Since a hard parton produced in a heavy ion collision is
produced within the same volume in which the strongly
coupled plasma is produced, the calculation in Fig. 3 in
which the parton was produced just next to the slab of
plasma is a better caricature than that in Fig. 2. We
therefore do not wish to take the x0 → −∞ limit. Hence-
forth, we take the σ∗ → 0 limit at fixed x0. We shall see
below that xstop → ∞ in this limit. We continue to as-
sume that u0 = 0, which now means that uin → 0 as
σ∗ → 0. The results we shall derive here in this limit are
a good approximation for small enough σ∗ at any fixed
value of x0, in particular for the case in which the parton
is produced just next to the slab of plasma, with x0 just
to the left of x = 0 as in Fig. 3.
With u0 = 0 and x0 fixed in value, we find that xstop
in (29) takes the form
xstop =
uh Γ(
1
4 )
2
4
√
piσ∗
+ (x0 − uh) +O(√σ∗) (40)
in the small-σ∗ limit. We see that if σ∗ is small enough
that we can neglect the (x0 − uh) term we have xstop 
|x0−uh| = |x0|+uh and σ∗ = O
( u2h
x2stop
)
= O( 1(piTxstop)2 ).
In the limit in which we take σ∗ → 0 with u0 = 0 and
x0 fixed we can also derive a relationship between xstop
and Ein, defined in Eq. (32), valid to leading order in σ∗.
Note that the expression (34) tells us that the energy
density on the string is greatest near the string endpoint.
This observation allows us to see that, to leading order
in σ∗, Eq. (32) yields
Ein =
piT0
2σ
3/2
∗
√
2  ψ′(σ∗)
. (41)
Comparing (41) and (40) and using T0 =
√
λ
2pi , uh = 1/piT ,
we find
xstop =
pi4/3C
piT
(
Ein√
λpiT
)1/3
, (42)
where the dimensionless constant C is given by
pi4/3C =
(
 25T 2ψ′(σ∗)
pi
)1/6
Γ( 14 )Γ(
5
4 ). (43)
The xstop ∼ E1/3in scaling was first obtained in Refs. [18,
23]. Numerical simulations of the string equations in
Ref. [18] yielded an estimate for the maximum possible
value of C, for jets whose initial state is prepared in such
a way as to yield the maximal stopping distance for a
given Ein, namely max(C) ≈ 0.526. The value C ≈ 0.526
was recently verified analytically in Ref. [19].
We have a calculation of xstop in hand in (40) and
can now ask about the value of Ein. In this context,
we can reread the maximal value of C in (42) as telling
us the minimum possible Ein that can correspond to a
given xstop, assuming optimal preparation of the initial
state. Note that if the initial state is prepared well to
the left of the slab of plasma as in Fig. 2 then, even if
the initial state is prepared optimally at x = x0, after
the string has propagated in vacuum from x = x0 to
x = 0 its state is not optimally prepared when it enters
the plasma, and C must be less than 0.526 in (42). We
can see this by noting that if we start from a case like
that in Fig. 2 and move the point of origin x0 to x0 =
0, making no other change and in particular keeping u0
fixed, this does not change Ein but it decreases uin (to
uin = u0) and increases xstop, for example from 12.71 to
17.54 in the case of Fig. 2. We see from (40) that this x0-
dependence of xstop is subleading in the small-σ∗ limit:
at small enough σ∗, moving x0 from -5 as in Fig. 2 to
0 would have a negligible effect on xstop. Nevertheless,
the consequence of this formally subleading effect is that
the minimum value of Ein/(piT ) in Fig. 2 must be greater
than that given by (42) with xstop = 12.71 and C = 0.526.
The expression (42) with C = 0.526 can be applied
without caveats in Fig. 3. There, xstop = 10.73 and
the minimum possible incident energy of the “jet” in
Fig. 3, assuming optimal preparation of the initial ψ(σ),
can be read from (42) with C = 0.526 and is given by
Ein/(piT ) = 87.0
√
λ. If we think of a slab of plasma in
which piT ∼ 1 GeV, the slab in Fig. 3 is 1.6 fm thick and
the “jet” depicted in the Figure, which loses 24.3% of its
8energy as it traverses the plasma, has an incident energy
of 87.0
√
λ GeV, corresponding to a few hundred GeV.
So, we now know that as we take the σ∗ → 0 limit at
fixed x0, for example for the case in which the parton is
produced next to the slab of plasma, xstop takes the form
(40) and is related to Ein via (42). We also continue to
assume that xstop  uh. Upon making these assump-
tions, if we consider a slab of plasma with L < xstop and
L/xstop = O(1), Eq. (40) implies
σˆh(L) =
(xstop
L
)2
. (44)
As above in Sec. II C 1, for L = O(xstop) we see σh(L) =
O(σ∗), from which it again follows that pi00 in (31) may
consistently be taken to be given by the near-endpoint
expression (34). Differentiating (31) and dividing by Ein
we then obtain the rate of energy loss
1
Ein
dEout
dL
= − 4L
2
pix2stop
√
x2stop − L2
. (45)
Upon integrating (45) we find that in this case the frac-
tional energy loss is given by
Eout
Ein
=
2
pi
[
L
xstop
√
1− L
2
x2stop
+ cos−1
L
xstop
]
. (46)
This expression provides a good approximation to the
energy loss in the case illustrated in Fig. 3. We advocate
the use of the expressions (45) and (46) for the rate of
energy loss in phenomenological modelling of jet quench-
ing in heavy ion collisions, with xstop in (45) related to
the initial energy of the energetic parton and to the tem-
perature of the plasma at the location of the energetic
parton via Eq. (42).
3. Bragg peak
A remarkable feature of either (35) or (39) or (45)
is that little energy is lost until L ∼ xstop and then
dEout/dL diverges as L → xstop. This behavior, which
was first pointed out in Ref. [18], is in some respects
reminiscent of a Bragg peak. The geometric origin of
the Bragg peak is easy to understand. For σ∗ → 0 the
string energy density (34) is highly concentrated near
the string endpoint and in fact diverges when σ = σ∗,
which reflects the fact that open string boundary condi-
tions require the string endpoint to move at the speed
of light. Assuming that L > xstop, the energy loss rate
dEout/dL = −pi00(σh) dσh/dL must therefore grow un-
boundedly large as the endpoint falls vertically into the
horizon when it reaches x = xstop.
The boundary theory interpretation of this phe-
nomenon is that the “jet” of energy described by the
falling string expands in size as it propagates, expanding
linearly with distance as it propagates in vacuum with
some constant opening angle and then faster than lin-
early as it propagates through the plasma until, when
x ∼ xstop, its size becomes comparable to 1/(piT ) at
which point it rapidly thermalizes. It is important to no-
tice that the rapid thermalization sets in when the size of
the “jet” becomes comparable to 1/(piT ) which, depend-
ing on the way in which the “jet” is prepared, can happen
when the velocity of the “jet” is still relativistic. In this
respect the phenomenon is different than the canonical
Bragg peak that arises when an electron losing energy as
it passes through matter decelerates to a non-relativistic
speed.
4. Momentum loss in the slab of plasma
For completeness, before turning to the boundary in-
terpretation of the “jets” whose energy loss we have
computed we set up the calculation of how much mo-
mentum they lose as they traverse the slab of plasma.
As was the case with the string energy, the momentum
Pout =
∫ σh(L)
σ∗
dσ pi0x of the string segment that exits the
slab is less than the momentum Pin =
∫ σh(0)
σ∗
dσ pi0x of the
string segment that that entered the slab. At leading
order in , the momentum density on the string is given
by
pi0x = −pi00/ξ. (47)
To the extent that the energy and momentum of the
string are dominated by the contribution from near the
endpoint, (47) implies that Pin/Ein = 1/ξin = cosσ∗ and
Pout/Eout = cos σ˜∗, meaning that min/Ein = sinσ∗ and
mout/Eout = sin σ˜∗. This means that we can immedi-
ately see from a figure like Fig. 2 or 3 that mout/Eout >
min/Ein, meaning that the opening angle of the “jet”
that emerges from the slab of plasma is wider than that
of the incident “jet”. The bulk interpretation is that be-
cause the string loses energy as it propagates through
the plasma its endpoint is falling more steeply after it
emerges than it was before it entered the plasma. In
both Figs. 2 and 3 and in all the other examples that we
have investigated, the increase in m/E is greater than the
decrease in E meaning that energy loss is accompanied
by an increase in m.
III. BOUNDARY INTERPRETATION
We have computed the amount of energy that the “jet”
that exits the slab of strongly coupled plasma has lost
as it traverses the slab. And, we have seen in the dual
gravitational description that the string that exits the
slab of plasma has the same (semi-circular) shape as the
string that was incident on the slab, but that its endpoint
emerges with a value of σ˜∗ that is greater than the σ with
which it entered the slab. In this Section we shall confirm
that these observations imply that the “jet” that exits
9the slab of plasma in the dual field theory has a larger
opening angle than the incident “jet” but that other than
this has the same shape. To address these questions we
must consider the angular distribution of power radiated
by the “jet” that escapes the slab of plasma,
dPout
dΩ
≡ lim
|x|→∞
|x|2xˆi
∫
dt 〈T 0i〉, (48)
where 〈Tµν〉 is the expectation value of the the bound-
ary stress tensor. Rotational invariance about the x axis
implies dPout/dΩ = 2pi dPout/dcos θ where θ is the polar
angle with θ = 0 corresponding to the +x direction the
jet is moving. In Appendix A we compute the angular
distribution of power radiated by the jet exiting the slab.
The result reads
dPout
d cos θ
=
1
2
∫ σh(L)
σ∗
dσ
−pi00(σ)
γ(σ)4 [1−v(σ) cos θ]3 , (49)
where v(σ) = ∂txgeo = cos σ˜(σ) is the spatial velocity of
the congruence of geodesics that make up the null string
that exit the slab and where γ(σ) ≡ 1/√1− v(σ)2 is
the Lorentz boost factor. Eq. (49) shows how worldsheet
energy −pi00(σ) that exits the black hole slab is mapped
onto the angular distribution of power on the boundary.
We note that for each σ, the integrand in Eq. (49) is
nothing more than a boosted spherical distribution of
energy. That is, boosting with velocity −v(σ) in the
x−direction, the integrand in Eq. (49) becomes isotropic.
Note that in the absence of any plasma we would have
σ˜ = σ and the angular distribution of power would be
given by (49) with v(σ) = cosσ, which is to say by
dPin/d cos θ.
If all of the worldsheet energy −pi00(σ) were localized
at σ = σ∗, Eq. (49) would tell us that the “jet” in the
boundary theory was a spherically symmetric cloud of
energy with some energy m in its rest frame — i.e. in
the frame in which it is spherically symmetric — that
has subsequently been boosted by a Lorentz boost factor
γ(σ∗). The initial opening angle of the incident “jet”
would be min/Ein = sinσ∗ and the opening angle of the
“jet” that emerges from the slab would be mout/Eout =
sin σ˜∗. We have seen that Eout < Ein and σ˜∗ > σ∗. In
both Fig. 2 and Fig. 3 we find that σ˜∗/σ∗ > Ein/Eout,
meaning that mout > min. In fact we have found this to
be the case in every example that we have investigated.
As long as σ∗  1 the worldsheet energy density is in
fact peaked near σ = σ∗, and the characterization that we
have just given is a good approximation. This character-
ization is not precise, however, because (49) describes a
“jet” composed by boosting spherically symmetric clouds
of energy corresponding to the energy density at differ-
ent σ on the string worldsheet by different Lorentz boost
factors. The energy carried by the bits of string deeper
in the bulk, at larger σ, is boosted less; it describes the
softer components of the “jet”.
Let us now turn to the shape of the “jet” that exits
the slab. If we define its opening angle θout as the angle
at which dPout/d cos θ falls to one eighth of its peak (i.e.
θ = 0) value, inspection of (49) tells us that
θout ∼ σ˜∗, (50)
as long as σ∗  1 and as long as most of the worldsheet
energy density resides near σ = σ∗. So, the angle at
which the string endpoint falls into the bulk encodes how
broad the “jet” is on the boundary. Likewise, the opening
angle of the incident jet is
θin ∼ σ∗. (51)
We know that σ˜∗ must be greater than σ∗: in the dual
gravitational, geometric, description of jet quenching ex-
emplified in Figs. 2 and 3 the slab of plasma is represented
by the black hole horizon and its gravitational field, and
this gravitational field curves the trajectory of the string
endpoint downward. That is, σ˜∗ > σ∗ because the force
of gravity is attractive. We now see that this basic fea-
ture of the bulk description of jet quenching implies that
θout > θin. We can go a little farther upon assuming that
xstop − L  uh and xstop − L = O(xstop). Under these
assumptions, (16), (18) and (20) yield
σ˜∗ ∼
(
uh
xstop − L
)2
. (52)
Hence θin < θout  1 as long as xstop − L is much larger
than both uh and |x0|. That is, what comes out of the
slab of plasma is a well collimated beam of energy until
L becomes parametrically close to xstop.
Fig. 4 shows the shape of the “jet” in the boundary
quantum field theory whose dual gravitational descrip-
tion is depicted in Fig. 3. As is evident from the figure,
the opening angle of dPout/d cos θ is θout ∼ σ˜∗ = 0.077.
Also shown in the figure is dPin/d cos θ with θ rescaled by
a factor of 3.2 and the amplitude rescaled by a factor of
1/14.4. Aside from the rescalings, we see that the shape
of dPout/d cos θ is nearly identical to that of dPin/d cos θ.
Therefore, just as the string that exits the black hole slab
looks identical to that which went in – except with less
energy and with an endpoint that falls with greater slope
– the angular distribution of power of the jet that exits
the slab is nearly identical in shape to that which went
into the slab except its opening angle is larger and its
energy has decreased.
From Fig. 4 we conclude that the “jet” that emerges
from the plasma is 3.2 times wider in angle than the in-
cident “jet”. We can compare this result to the simpler
estimate sin σ˜∗/ sinσ∗ = 3.08 for the factor by which the
opening angle should increase that we obtained previ-
ously by assuming that the energy on the string world-
sheet is localized near σ = σ∗. The fact that this simpler
estimate is close to, but not equal to, the full boundary
theory result obtained in Fig. 4 tells us that although the
energy of the string worldsheet is peaked near σ = σ∗ it
is not all localized there.
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FIG. 4: The angular distribution of power for the “jet”
whose dual gravitational description is depicted in Fig. 3
which has traversed a slab of plasma with L = 8/(piT )
and xstop = 10.73/(piT ). The blue solid curve shows
(1/Ein)(dPout/d cos θ). We recall from Fig. 3 that σ˜∗ = 0.0769
and see here that the “jet” that emerges from the slab of
plasma has an opening angle θout, namely the angle at which
the power has dropped to 1/8 of its θ = 0 value, of this or-
der. We have also plotted the incident angular distribution
of power (1/Ein)(dPin/d cos θ), which is to say the shape that
the “jet” would have had in the absence of any plasma, as the
red dashed curve. In plotting the red dashed curve we have
stretched the θ axis by a factor of 3.2 and we have compressed
the vertical axis by a factor of 14.4.
Let us now turn to energy loss in the slab. Integrating
the angular distribution of power over all angles we find∫
dcos θ
dPout
dcos θ
= −
∫ σh(L)
σ∗
dσ pi00(σ) = Eout. (53)
Therefore, the energy of the “jet” that exits the slab of
plasma on the boundary coincides with the energy of the
string which exits the black hole slab geometry in the
bulk. Likewise, the incident “jet” energy on the slab
of plasma coincides with the incident string energy Ein.
We see that by introducing a finite slab of plasma and
asking about the energy of the “jet” that enters the slab
and of the “jet” that exits the slab we find, by explicit
computation, a completely straightforward relationship
between the “jet” energy in the boundary theory and the
energy of the string in the dual gravitational description,
completely avoiding various ambiguities that can arise in
other contexts [24].
We learn from (53) that the energy loss rate in Eq. (45)
and the ratio Eout/Ein in Eq. (46) that we obtained
in the previous section by computing the energy of the
string in Fig. 3 that enters, and exits, the slab of plasma
does indeed give us the energy loss rate and the ra-
tio Eout/Ein for the incident and outgoing “jets” in the
boundary quantum field theory. We plot Eout/Ein in
Fig. 5. We see from this figure that for L = 0.5xstop,
Eout ≈ 0.94Ein and for L = 0.9xstop, Eout ≈ 0.5Ein
and for L = 0.98xstop, Eout ≈ 0.25Ein. Therefore, as
L → xstop the energy lost by the “jet” is disproportion-
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FIG. 5: The ratio of energies Eout/Ein given in Eq. (46)
as a function of L/xstop. The energy loss rate dEout/dL in-
creases dramatically as L → xstop. This result for Eout/Ein
is accurate for any x0 as long as σ∗ is small enough that
xstop  |x0| + uh. It provides a good approximation to the
energy loss of the “jet” depicted in Fig. 3.
ately deposited near the end of its trajectory. This is the
signature of a Bragg peak energy loss rate for the “jet”
in the plasma. In contrast to the conclusions reached
in Ref. [24], this demonstrates that the presence of the
Bragg peak on the string worldsheet implies a Bragg peak
on the boundary. In would be interesting to do a full com-
putation of the boundary stress tensor in the plasma in
the vicinity of the Bragg peak.
IV. OUTLOOK
We have already stated our central conclusions in the
introductory section of the paper. They are demon-
strated by Figs. 2 and 3 which illustrate the geometric
interpretation of light quark energy loss in a strongly
coupled plasma as due to null geodesics that carry en-
ergy along the string worldsheet falling into the horizon
and which show that even when the “jet” that emerges
from the plasma has lost a substantial fraction of its en-
ergy it looks precisely like the “jet” that could have been
produced in vacuum with the same, reduced, energy Eout
and the same, increased, opening angle mout/Eout. The
latter conclusion is further reinforced in Fig. 4.
We also note that the description of the rate at which a
light quark loses energy as it propagates through strongly
coupled plasma that we have obtained in Eq. (45) will
be of use in many contexts. It provides an expression
for dEout/dL that can be used in the phenomenological
modeling of jet quenching in heavy ion collisions. It will
also be interesting to analyze the consequences for the
analysis of jets in heavy ion collisions of our result that
θout > θin. If, in the analysis of experimental data, the
energy of a jet is defined as the energy inside some spec-
ified opening angle, then if jets broaden in angle as they
traverse the quark-gluon plasma this could reduce their
measured energy, over and above the “true” energy loss
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described by Eq. (45).
The expression (45) that we have derived shows
that |dEout/dL| ∝ L2 for small L and |dEout/dL| ∝
1/
√
x2stop − L2 for L ∼ xstop, with much of the initial
energy of the jet lost near L ∼ xstop as in a Bragg peak
and as illustrated in Fig. 5. We computed the rate of
energy loss given by (45) and illustrated in Fig. 5 in the
dual gravitational description of Fig. 3 by computing the
energy of the string that emerges from the slab of plasma.
In Section III we confirmed by explicit calculation that
this is indeed the rate at which the “jet” in the boundary
gauge theory loses energy.
At a qualitative level, our observation in Figs. 2, 3
and 4 that the boosted beam of energy (the “jet”) that
emerges from the plasma looks so similar in shape to the
shape of the “jets” in vacuum in this theory resonates
with the observations of jets in heavy ion collisions at
the LHC with which we began this paper. We find that
the propagation through the slab of plasma has two sub-
stantial effects on the “jets” that we have investigated.
First, they lose energy, as described by (45), as we have
discussed. Second, their opening angle increases. We find
a simple geometric explanation of the fact that the open-
ing angle mout/Eout after the “jet” traverses the plasma
is always greater than min/Ein: in the dual gravitational
description of jet quenching, this fact corresponds to the
fact that gravity in the bulk ensures that the string end-
point curves toward the black hole horizon. In every
example that we have investigated, we furthermore find
that mout > min.
It remains the case that the “jet” that emerges from
the slab of plasma looks just like a “jet” in vacuum in
the theory in which we are working. This is so because
in this theory we can prepare a “jet” in vacuum with
any value of m/E that we like. In QCD, on the other
hand, the theory dictates the probability distribution for
min for jets with a given Ein. This jet mass probability
distribution for both quark-initiated and gluon-initiated
jets has recently been computed to next-to- and next-
to-next-to-leading-log order in Refs. [25–27]. It would
be very interesting to construct an ensemble of “jets” in
the strongly coupled theory that we have employed with
varying values of u0 and σ∗ such that the ensemble in-
cludes jets with varying values of Ein and for each value
of Ein includes varying values of min distributed as in
QCD. After shooting this ensemble of “jets” through a
slab of plasma one could then look at the distribution of
Eout and mout for the ensemble of “jets” that emerge on
the far side of the slab, for example looking at the distri-
bution of mout for a specified Eout. Note that changing
min at fixed Ein will change both Eout and mout meaning
that in an investigation like this it will be necessary to
follow a two-parameter ensemble of “jets” through the
slab. We leave this investigation to future work.
It would of course also be interesting to replace the
slab of plasma that we have employed by an expanding
cooling plasma that flows according to the laws of hydro-
dynamics. We leave this also to future work.
Another direction for the future is the tailoring of the
“jets” in strongly coupled N = 4 SYM theory so that
they have the same shape as jets in QCD. We have fo-
cused in this paper on comparing the energy and shape
of the “jets” that emerge from the slab of plasma to that
of the “jets” that are incident on it. One could instead
try to make a model for jets in QCD by replacing (34) by
an expression for pi00(σ) tailored so that the angular dis-
tribution of the energy in the “jets”, see Fig. 4, matches
that of jets in QCD.
Finally, it will be interesting to look for evidence in
heavy ion collisions that quenched jets have increased
m/E in addition to decreased E. Although it is difficult
to measure the jet mass per se for jets in heavy ion colli-
sions, other jet shape observables have been measured [8].
It would be interesting to analyze a sample of events each
of which contains a high energy photon with the same en-
ergy, with the photon back-to-back with jets of differing
energies in different events, to determine whether the jets
that have lost more energy have larger opening angles.
Present data sets [4] do not include enough photon-jet
events for such an analysis, but much higher statistics
are anticipated in coming years at the LHC. It may also
be possible to look for the effect on a statistical basis
in dijet events, looking for evidence that in asymmetric
dijets [1–3] the lower energy jet in the pair has a larger
angular extent.
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Appendix A: The boundary angular distribution of
radiated power
To compute the boundary angular distribution of
power via (48) we must first compute the linearized grav-
itational backreaction of the bulk geometry induced by
the falling string. The near-boundary behavior of the
perturbations in the geometry then encode the expecta-
tion value of the boundary stress tensor 〈Tµν〉 [28]. Be-
cause dPout/dΩ only depends on the stress tensor asymp-
totically far from the slab, it is sufficient to study the per-
turbation in the AdS5 geometry asymptotically far from
the slab. In other words, we can focus on the linearized
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backreaction of AdS5 caused by the segment of string
which exits the black hole slab.
The perturbation in the geometry due to the string is
governed by linearized Einstein equations sourced by the
string stress tensor τMN given by
τMN (Y ) =
∫
d2σ
√−ggab∂aXM∂bXN −T0√−Gδ
5(Y −X).
(A1)
With our choice of worldsheet coordinates, at leading or-
der in the geometric optics expansion parameter  the
string stress tensor in the region x > L reads
τMN = −
∫ σh(L)
σ∗
dσ
[
u2geo pi
0
0 ∂tX
M
geo∂tX
N
geo
1√−G
× δ2(x⊥)δ(x− xgeo)δ(u− ugeo)
]
.
(A2)
The string stress tensor (A2) should be compared to
that of a single point particle moving along a null geodesic
Xgeo = {t, xgeo, 0, 0, ugeo}, namely
τMNparticle = εou
2
geoγ∂tX
M
geo∂tX
N
geo
× 1√−Gδ
2(x⊥)δ(x− xgeo)δ(u− ugeo). (A3)
Here γ ≡ 1/√1− v2 with v ≡ x˙geo the velocity of the
particle in the spatial direction. εo is a Lorentz scalar
with respect to boosts in the boundary spatial directions.
In particular, boosting to the frame in which v = 0, the
energy of the null particle is simply εo. Comparing (A2)
and (A3) and noting that pi00 is time independent, we
see that the string stress tensor is simply an integration
over the congruence of null geodesics which make up the
string, namely
τMN =
∫ σh(L)
σ∗
dσ τMNparticle(σ), (A4)
with a σ-dependent energy density
εo(σ) = −pi
0
0(σ)
γ(σ)
, (A5)
and a σ-dependent velocity v(σ). Linearity of the bulk
to boundary problem then implies that the expectation
value of the stress tensor induced by the string 〈Tµν〉 can
be written as a sum over that induced by null point par-
ticles following the (blue) null geodesics in a calculation
like that in Fig. 2 or Fig. 3. That is,
〈Tµν〉 =
∫ σh(L)
σ∗
dσ 〈Tµνparticle〉. (A6)
It therefore follows that
dPout
dΩ
=
∫ σh(L)
σ∗
dσ
dPparticle
dΩ
, (A7)
with dPparticle/dΩ defined by (48) with the replacement
〈Tµν〉 → 〈Tµνparticle〉
The boundary stress tensor induced by a single null
particle falling in the AdS5 geometry was computed in
Ref. [29]. Defining xµbndy as the event at which the
geodesic starts from the boundary at u = 0, the expec-
tation value of the boundary stress tensor reads
〈Tµνparticle〉 =
εo
4pir2
1
γ3(1− rˆ · v)3
∆xµ∆xν
r2
δ(t− tbndy − r),
(A8)
where ∆xµ = xµ−xµbndy, r = |∆x| and t = x0bndy. In the
rest frame where v = 0 the induced stress on the bound-
ary corresponds to a spherical shell of energy and mo-
mentum moving radially outwards from the event xµbndy
at the speed of light. We therefore have
dPparticle
dΩ
=
εo
4pi
1
γ3(1−xˆ · v)3 . (A9)
Using (A7) and (A5) we therefore secure
dPout
dΩ
=
1
4pi
∫ σh(L)
σ∗
dσ
−pi00
γ4(1−xˆ · v)3 . (A10)
Upon multiplying by 2pi we obtain the result (49) that
we have used throughout Section III.
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